The unsteady, compressible, thin-layer, Navier-Stokes (NS) equations are solved to simulate steady and unsteady, asymmetric, vortical laminar flow around cones at high incidences and supersonic Math numbers. The equations are solved by using an implicit, upwind, flux-difference splitting (FDS), finite-volume scheme. The locally conical flow assumption is used and the solutions are obtained by forcing the conserved components of the flowfield vector to be equal at two axial stations located at 0.95 and 1-0. Computationalexamples cover steady and unsteady asymmetric flows around a circular cone and its control using side strakes. The unsteady asymmetric flow solution around the circular cone has also been validated using the upwind, flux-vector splitting (FVS) scheme with the thin-layer NS equations and the upwind FDS with the full NS equations. The results are in excellent agreement with each other. Unsteady asymmetric flows are also presented for elliptic-and diamond-section cones, which model asymmetric vortex shedding around round-and sharp-edged delta wings.
INTRODUCTION AT HIGH ANGLES OF A'I_ACK, flOW separations
from the forebodies of missiles and fighter aircraft may become asymmetric resulting in side forces, yawing moments and rolling moments which are, in many instances, sufficiently large to trigger missile and aircraft spin. Experimental studies have shown that it is not necessary for the separation lines to be asymmetric in order for the separated flow to be asymmetric (Kenner & Chapman 1977; Peak et al. 1979; Lamont 1980 Lamont , 1982 . These studies have also shown that unsteady asymmetric flow with vortex shedding may be either random or periodic, where the latter is similar to the K_irm_in vortex street in two-dimensional flows around cylinders.
The onset of flow asymmetry occurs when the relative incidence (ratio of angle of attack to semi-apex angle) of pointed forebodies exceeds certain critical values. At the critical values of relative incidence, flow asymmetry develops due to natural and/or forced disturbances.
The origin of natural disturbances may be a transient side slip, an acoustic disturbance, or similar disturbance of short duration. The first mechanism suggests that the asymmetry occurs due to instability of the velocity profiles in the vicinity of the enclosing saddle point which exists in the cross-flow planes above the body primary vortices.
The second mechanism suggests that the asymmetry occurs due to asymmetric transition of the boundary-layer flow at the apex, either in the axial direction or on both sides of the body in the cross-flow plane. 
(Ev)3 = viscous and heat-conduction flux in _3 direction
(4)
The first element of the three momentum elements of equation (4) 
where
The reference parameters for the dimensionless form of the equations are L, a=, L/a®, p® and _® for the length, velocity, time, density and molecular viscosity, respectively. The Reynolds number is defined as Re = p®V®L/I_®, and the pressure, p, is related to the total energy per unit mass, e, and density, p, by the gas equation
The viscosity, l_, is calculated from the Sutherland law
and the Prandtl number Pr = 0.72.
In equations
(1)-(10), the indicial notation is used for convenience.
The subscripts k and n are summation indices, the superscript or subscript s is a summation index and the superscript or subscript m is a free index. The range of k, n, s and m is 1-3, and _t =-a/axk. 
and using the chain rule, equation (12) is transformed to
a-S+ (v--m2an3 where m = Vl + ,121 + ,722,
L= 3.
The conical flow condition requires that the flow variables be independent of the coordinate r/3 (radial distance). Invoking this condition in equation (14) by dropping the derivatives with respect to )73, equation (14) reduces to conditions; e.g., a 2°or 0.5°short-duration side-slip disturbance produces the same flow asymmetry.
In Figure 2 , we show the effect of the minimum grid size on the flow asymmetry for the same flow conditions of the previous case. The figure shows the residual error versus the number of iterations, the total-pressure-loss contours and the surfaceA_min = 10 -3, 10 -4 and 10 -5 at the cone surface. The side strakes push the primary vortices away from the leeward plane of geometric symmetry, and hence they prevent communication of the flow disturbance from the two sides. It should also be noticed that the Cp curves of Figures 1 and 3 Comparing the FVS solutions at n = 13,900 and 14,600, it is seen that they are mirror images of each other. Hence, periodic flow response has been achieved with a period of 1,400 x 10 -3 = 1.4; which is exactly the same period of shedding as that of the FDS solution. This pinpoints the high numerical dissipation effect of the FVS scheme when the flux limiters are also turned on. The resulting numerical dissipation in the FVS scheme is large enough to dampen the random disturbances of the flow solution. By turning off the flux limiters in the FVS scheme, the random disturbances grow, producing the asymmetric unsteady vortex shedding. This also shows that the FDS scheme, even with the flux iimiters turned on, is less dissipative than the FVS scheme.
Finally, we show the results of the FDS-scheme with the full NS equations. The solution conclusively confirms the previous solutions and hence the unsteady solution is not scheme-or equation-dependent. We also show snapshots of the total-pressure-loss contours and surface-pressure coefficients at the time steps of 12,000, 12,500, 13,000, 13,500, 14,000 and 14,500. The solutions at n = 12,000 and 14,500 are mirror images of each other which confirm that the solution is periodic. The period of oscillation is 5,000 x 10 -3 = 5 which corresponds to a shedding frequency of 1.257. At n = 12,000, the total-pressure-loss contours show that the right-side vortex is stretched, having two vortices; one at the top and the second one below it. In addition, a secondary vortex is seen at the surface. the top vortex on the right side has been almost shed while the one below it is expanding.
At n = 13,000, the top vortex on the fight side has been shed and convected with the flow, while the vortex below it is expanding to the left. As time passes, the vortex on the left side is stretching upwards and the vortex on the right side is expanding to the left, as seen from the snapshots at 13,000, 13,500 and 14,000. At n = 14,500, the vortices on the left side and right side become mirror images of those on the right side and left side, respectively, at n = 12,000. Again, this case conclusively shows that unsteady vortex-shedding flows are captured. Figure 8 shows the results of the time-accurate (At = 5 x 10 -4) results for this case which include snapshots of the total-pressure-loss contours and snapshots of the surface-pressure coefficients.
The snapshots are given at n = 11,500, 12,000, 12,500, 13,000, 13,500 and 14,000. The number of time steps for one cycle of periodic response is 4,500, which gives a period of oscillation of 5 x 10 -4 x 4,500 = 2.25 corresponding to a frequency of 2.793. It should be noted here that the angle of attack is 38°, which is higher than that of the elliptic-section cone of Figure 7 , where the angle of attack is 34°a nd all the other flow conditions are the same. Comparing the surface pressure curves of the elliptic-section wing ( Figure  7 ) and the diamond-section wing (Figure 8) , we conclude that the diamond-section wing has less asymmetric strength and higher lift coefficient than those of the elliptic-section wing. and NAG-I-994.
CONCLUDING REMARKS

